Abstract: In this paper, the practical viability of an organic bulk heterojunction (BHJ)-based photodiode is studied, including the analysis of dark current density (J d in A/cm 2 ), external quantum efficiency (EQE in percent), responsivity (R in A/W), noise-equivalent power (in W/Hz 1=2 ), and specific detectivity (Jones in cmHz 1=2 =W). The dark current was minimized down to 90 pA/cm 2 in P3HT : PC 60 BM BHJ photodiodes by increasing the thickness, whereas the EQE maintained high values. The measured noise current was 2:20 Â 10 À13 , 1:13 Â 10 À13 , and 1:94 Â 10 À14 A/Hz 1=2 for 45-, 55-, and 65-nm BHJ photodiodes, respectively. With those values, the calculated detectivity obtained, given light of a 550 nm wavelength, was 2:55 Â 10 11 , 5:93 Â 10 11 , and 4:16 Â 10 12 Jones, respectively. The results demonstrated a performance of polymer:fullerence photodiode near equivalent to that of Si-based photodiodes.
Introduction
Photodiodes (PDs) are widely applied in many fields including automation, remote sensing and image processing. They consist mainly of PDs with a predominant inorganic semiconducting material [1] - [4] . The extension of coherent and incoherent light sources into the far-infrared region on one hand and the ultraviolet region on the other has increased the need for high-speed and sensitive PDs [5] . Furthermore, PDs are seriously considered in mechatronics applications including robotics [6] - [8] . PDs involve three fundamental processes: 1) carrier generation by incident light or photons, 2) carrier transport and/or multiplication by whatever current-gain mechanism, and 3) interaction of current with the external circuit to provide the output signal. However, through the development of organic semiconducting materials, organic photodiodes (OPD) have made rapid emergence [1] , [2] , [9] .
Organic materials are believed to be the substance of preferability for alternative PDs due to their low cost, low temperature fabrication process, and compatibility with bio-chemical sensing [1] , [2] , [10] . In this context, research of OPDs with high light sensitivity is considerably important. These low-cost, potentially bio-chemical compatible visible range PDs are useful in numerous commercial applications including image sensing, position determination, and chemical and biological detecting [11] . Polymer-based OPDs consists of bulk-heterojunction (BHJ) layer with mixtures of organic polymer and fullerene [12] . The early fabrication of organic image sensors (OISs) was achieved by using these semiconducting polymers as photosensitive materials [13] . With this foundation, it is possible to imagine a completely low-cost polymer:fullerene optical system for local-area communications, such as Media Oriented Systems Transport (MOST) for vehicle area networks or home multimedia appliances, to a receiver (photodiode) with a plastic optical fiber (POF) as transmission line, resulting in a cost-effective LAN for smallarea low working-frequency networks [14] . In this study, we focused on the organic photodiode (OPD) realization and characterization based on polymer:fullerene BHJs including the analysis of dark current density (I d in A/cm 2 ), external quantum efficiency (EQE in %), responsivity (R in A/W), noise-equivalent power (NEP in W/Hz 1=2 ) and specific detectivity (Jones in cmHz 1=2 =W).
Experimental Details
To address these particular issues, we studied the polymer:fullerene organic photodiode devices made from a donor-acceptor blend of Poly(3-hexylthiophene-2,5-diyl) (P3HT) and methano fullerene phenyl-C60-butyric-acid-methyl-ester ðP3HT : PC 60 BMÞ with planar and structured electrodes. The chemical structures of the P3HT polymer and PC 60 BM are shown in Fig. 1(a) . All OPDs were prepared with the optimized polymer-fullerene blend stoichiometry of 1:1 by weight. P3HT and PC 60 BM were dissolved in 1, 2-dichlorobenzene (DCB) and stirred overnight at 70 C. Indium tin oxide (ITO) coated glass substrate was cleaned sequentially by ultrasonic treatment in detergent, de-ionized water, acetone and isopropyl alcohol. A thin layer ($30 nm) of poly(3,4-ethylenedioxythiopherene):poly(styrenesulfone) (PEDOT:PSS) was spin-cast on the ITO coated glass substrate. Then the P3HT:PC 60 BM BHJ layer was spin-cast from the blended solution with different spin-cast speed to change the BHJ thickness. Spin-cast speed was applied 2,200 rpm (40 nm), 1,700 rpm (55 nm) and 1,400 rpm (65 nm), respectively. The OPD area was 0.15 cm 2 . All devices were annealed at 150 C for 10 min. Schematics of the device structure and bulk heterojunction are shown in Fig. 1(b) .
All OPD devices were electrically characterized in air after encapsulation (see Fig. 1 (c)). A commercial JÀV and EQE characterization system was supplied by PV Measurement Inc. to acquire the data. Optical modeling was accomplished using the generalized transfer matrix method (GTMM) to calculate and analyze the multi-layered interface OPDs [15] , [16] . For optical modeling, the optical constants of all layers were obtained by means of spectroscopic ellipsometry method. The noise current was directly measured with a Stanford Research SR830 LockIn Amplifier as reported by Konstantatos et al. [17] - [19] . 
Results
Fig . 2 shows the dark current density of three devices with different photo-active layer thicknesses. By comparing three device structures, 65 nm junction OPD showed a lower dark current density by at least one order of magnitude than 40 nm OPD. The measured dark current densities for all devices near zero bias condition suggest that charge injection can be occurred under the electric field between PEDOT:PSS and Al electrode into the BHJ layer. As a result of increasing the thickness of the photo-active layer, charge injection was reduced. This confirms that the dark current density was decreased in terms of increasing of photo-active layer thickness. The lowest dark current density was measured at 9:03 Â 10 À11 A/cm 2 in the 65 nm OPD device. For OPD application, reducing the dark current is crucial because the dark current density is directly connected to the specific Detectivity (D Ã , cmHz 1=2 =W). Fig. 3(a) shows the measured external quantum efficiencies (EQEs) of OPDs with different BHJ thicknesses. The EQE value of each photo-active layer thickness was above 30% from 450 nm to 550 nm. The highest EQE value reached up to 53% at the 65 nm BHJ thickness. In addition, it is clearly shown that an increase of BHJ layer thickness leads to the increase of light harvesting inside the BHJ layer. To obtain the responsivity (R in A/W), measured EQE is an essential part. The responsivity can be defined with the following equation:
where is the wavelength of the incident light, q the electron charge, h the Planck constant, c the speed of light. Fig. 3(b) shows the calculated responsivity over wavelength in all device structures with different BHJ layer thicknesses. For 40 nm and 55 nm, responsivities were obtained as 0.15 AW À1 and 0.17 AW À1 , respectively. The highest responsivity reached up to 0.22AW À1 with the 65 nm thickness BHJ layer device structure which is comparable to a common Si-based photodiode as for instance a Hamamatsu S8265 with a responsivity of 0.3 AW À1 . Fig. 4 shows the calculated absorption and reflectance fraction of OPDs with different BHJ thicknesses by generalized transfer matrix method (GTMM) [15] , [16] . The optical modeling by means of GTMM provides reasonable information about the distribution of the electric field intensity and the light intensity fraction for both absorbed and reflected lights in BHJ devices with mixed coherent and incoherent BHJ devices [15] , [16] . According to Burkhard et al. [15] , the electric field intensity and light intensity fraction can be realized as a function of the thickness of BHJ devices based on (2)-(4). To realize this, the optical constants n, k values will be applied. However, the extinction coefficient k value is of much interest, rather than reflective index n: where is the wavelength of light and the extinction coefficient. is related to the optical density and the transmitted intensity by
where I=I 0 is the fraction of light that remains after passing through the film. d is the layer thickness. From Fig. 4(a) -(c), there is clear evidence that a thicker junction OPD has the highest absorption and the lowest reflectance fraction. This correlates with the measured EQE results as shown in Fig. 3(a) . According to Fig. 4(a)-(c) , the increase of BHJ thickness leads to light absorption intensity fraction. This is further proved by normalized electric field intensity calculation. Fig. 5 shows the calculated normalized electrical intensities (in jEj 2 ) of OPDs with different BHJ thicknesses obtained by GTMM. Fig. 5(a)-(c) represent 40, 55, and 65 nm BHJ layers, respectively. With this simulated electron field intensity results, it can be explained why EQE has the highest peak between 450 nm and 650 nm wavelengths. From Fig. 5(a) , the peaks of the electron field intensity between 450 nm and 650 nm were located outside the BHJ layer. However, as the BHJ thickness increased, electrical field intensities were gradually shifted from the PEDOT layer to the BHJ layer (see Fig. 5(b) ). Finally, all the electrical field intensities became fitted within the 65 nm BHJ layer. Fig. 6 shows the measured and calculated OPD properties with different BHJ thicknesses. 1:94 Â 10 À14 A/Hz 1=2 for 40, 55, and 65 nm BHJ thickness photodiodes, respectively. Noise equivalent power (NEP) is the photodetector figure of merit that a detector can distinguish from noise:
where A is the effective area of the photodiode in cm 2 , Áf is the electrical bandwidth in Hz, and D Ã is the specific detectivity measured in units of Jones ðcmHz 1=2 =WÞ. D Ã is given by the following:
At wavelength of 550 nm, the calculated specific detectity were obtained 2:55 
Conclusion
In conclusion, we studied the performance of organic semiconducting polymer:fullerene BHJ OPDs based on the polymer donor, P3HT, and an electron acceptor, PC 60 BM, for visible spectrum range. A record of Si photodiode comparable detectivity ðD Ã ¼ 4:16 Â 10 12 cmHz 1=2 =WÞ, responsivity ðR ¼ 0:22 AW À1 Þ and visible range of photo-response from 450 nm to 650 nm was obtained. The lowest dark current density and the highest EQE were obtained at 90 pA/cm2 and 53% with the 65 nm BHJ thickness. The performance of the polymer:fullerene-based organic photodiode device shows near equivalent to or even better than its inorganic photodiode counterparts. Therefore, we believe that the organic photodiodes have a potential to lead the development of the next generation's light detecting and sensing technology. 
